Abstract-The basolateral nuclear complex of the amygdala (BLC) receives dense noradrenergic/norepinephrine (NE) inputs from the locus coeruleus that play a key role in modulating emotional memory consolidation. Knowledge of the extent of synapse formation by NE inputs to the BLC, as well as the cell types innervated, would contribute to an understanding of how NE modulates the activity of the BLC. To gain a better understanding of NE circuits in the BLC, dual-label immunohistochemistry was used at the light and electron microscopic levels in the present study to analyze NE axons and their innervation of pyramidal cells in the anterior subdivision of the basolateral amygdalar nucleus (BLa). NE axons and BLa pyramidal cells were labeled using antibodies to the norepinephrine transporter (NET) and Ca 2+ /calmodulin-dependent protein kinase (CaMK), respectively. Dual localization studies using antibodies to NET and dopamine-beta-hydroxylase (DBH) revealed that virtually all NE axons and varicosities expressed both proteins. The BLa exhibited a medium density of NET+ fibers. Ultrastructural analysis of serial section reconstructions of NET+ axons revealed that only about half of NET+ terminals formed synapses. The main postsynaptic targets were small-caliber CAMK+ dendritic shafts and spines of pyramidal cells. A smaller number of NET+ terminals formed synapses with unlabeled cell bodies and dendrites. These findings indicate that the distal dendritic domain of BLa pyramidal cells is the major target of NE terminals in the BLa, and the relatively low synaptic incidence suggests that diffusion from nonsynaptic terminals may be important for noradrenergic modulation of the BLa. Ó
INTRODUCTION
The amygdala is critical for emotional memory formation and the generation of appropriate behavioral responses to salient sensory stimuli and emotionally arousing events in the external world (Millan, 2003; Sah et al., 2003; McGaugh, 2004) . As a heterogeneous structure, the amygdala is composed of several nuclei and has connections with numerous brain areas. The basolateral amygdalar nuclear complex (BLC) receives a dense noradrenergic input primarily originating from the locus coeruleus (LC) (Asan, 1998) , which is heavily involved in stress and stress-related pathologies (Sved et al., 2002) . Studies have shown that stressful stimuli such as foot shock induce norepinephrine (NE) release in the rat amygdala (Galvez et al., 1996; Quirarte et al., 1998) . Also, human functional magnetic resonance imaging (fMRI) studies show that elevated NE neurotransmission enhances BLC responses to fear signals (Onur et al., 2009 ). Moreover, a large amount of evidence indicates that the NE system in the BLC is involved in memory modulation by stress (Cahill et al., 1995; McGaugh, 1999, 2008; McIntyre et al., 2002; McGaugh, 2004; Roozendaal et al., 2009) . Therefore, the LC is important for providing information about aversive stimuli to the BLC and generating appropriate responses to stressors, which suggests that the LC-NE circuit in the BLC could be a potential drug target for anxiety disorders.
Although there is abundant behavioral and clinical evidence for the role of NE system of the BLC in stress and anxiety, there is no clear picture about how NE affects the activity of BLC neurons. Previous studies have shown that there are two major cell classes in the BLC, pyramidal neurons and nonpyramidal neurons. Although these cells do not exhibit a laminar or columnar organization, their morphology, synaptology, electrophysiology, and pharmacology are remarkably similar to their counterparts in the cerebral cortex (McDonald, 1982 (McDonald, , 1992a Carlsen and Heimer, 1988; Washburn and Moises, 1992; Rainnie et al., 1993; Sah et al., 2003; Muller et al., 2005 Muller et al., , 2006 Muller et al., , 2007 . Thus, pyramidal neurons in the BLC are projection neurons with spiny dendrites that utilize glutamate as an excitatory neurotransmitter, whereas most nonpyramidal neurons are spine-sparse interneurons that utilize GABA as an inhibitory neurotransmitter. Previous studies indicated that BLC neurons can be inhibited or excited by NE afferents from the LC, but in many cases it was difficult to determine whether the recorded neurons were pyramidal cells or interneurons based on their electrophysiological properties Grace, 2007, 2009; Chen and Sara, 2007) . In a recent investigation in which GABAergic interneurons were identified in brain slices of genetically modified mice, it was found that some interneurons were excited by NE, but others exhibited little or no response (Kaneko et al., 2008) . Thus, there is still considerable confusion regarding the differential modulation of distinct neuronal subpopulations in the BLC by NE.
Anatomical knowledge of NE circuits in the BLC should help to clarify the uncertainties of these physiological studies. A previous electron microscopic study using dopamine-beta-hydroxylase (DBH) as a marker for NE axons suggested that only 11% of DBH+ terminals in BLC form synapses (Asan, 1998) . This suggests that the NE innervation of the BLC may be mainly mediated by non-junctional, diffuse release of NE into the extracellular space (i.e., ''volume transmission''). However, a later study indicated that 31% of DBH+ terminals in the lateral amygdalar nucleus formed synaptic junctions (Farb et al., 2010) . The discrepancies in the two studies may be the result of different criteria for synapse identification, the nucleus studied, or differences in tissue fixation that could affect synaptic morphology. Because these studies analyzed single thin sections, rather than serial section reconstruction of synapses, it seems likely that the synaptic incidence may actually be higher than 31%. This is an important issue to resolve for the BLC since ''wired'' synaptic transmission and volume transmission have distinct functional correlates in terms of specificity and spatiotemporal aspects of neurotransmission (Agnati et al., 1995) .
There is also confusion regarding the postsynaptic targets of NE axon terminals in the BLC. Single-label electron microscopic studies found that the main postsynaptic targets of DBH+ terminals were dendritic shafts and spines, but the cell types of origin of these structures could not be determined (Asan, 1998; Farb et al., 2010) . Double-labeling studies using GABA as a marker for interneurons suggested that only about 4% of DBH+ terminals formed synapses with interneurons in the BLC (Li et al., 2002) . However, another doublelabeling study of the BLC reported that about 30% of DBH+ terminals contacted interneurons that exhibited immunoreactivity for choline acetyltransferase (Li et al., 2001) . Thus, it is still not clear to what extent NE terminals synapse with pyramidal projection neurons versus interneurons in the nuclei of the BLC.
The purpose of the present study was to determine the synaptic incidence and postsynaptic targets of NE axon terminals in the anterior subdivision of the basolateral amygdalar nucleus (BLa), the main nucleus responsible for NE-mediated memory consolidation (McGaugh, 2004 ). An antibody to the norepinephrine transporter protein (NET) was used to label NE axons since a previous study of this nucleus found that visualization of DBH immunoreactivity at the ultrastructural level required immunohistochemical procedures that hindered morphological preservation of neuronal processes and synapses (Asan, 1998) . This is the first electron microscopic study of the amygdala to use NET as a marker for noradrenergic axons. An antibody to the alpha subunit of calcium/calmodulindependent protein kinase II (CaMK) was used to selectively label pyramidal cells (McDonald et al., 2002) in these dual-labeling studies. To obtain a more precise estimation of the synaptic incidence of the NE innervations of the BLa, a serial section analysis of NET+ terminals and their contacts was performed.
EXPERIMENTAL PROCEDURES Tissue preparation
Male Sprague-Dawley rats weighing 250-350 g were used in these experiments. Rats were handled in accordance with the principles of laboratory animal care and protocols approved by the University of South Carolina Institutional Animal Care and Use Committee. Brain tissue was prepared as described in previous studies of our lab (Muller et al., 2011) . For light microscopy, rats were anesthetized with chloral hydrate (350 mg/kg) and perfused intracardially with phosphate-buffered saline (PBS; pH 7.4) containing 1.0% sodium nitrite (50 ml) followed by 4% paraformaldehyde in phosphate buffer (PB; pH 7.4) for 20 min. Then brains were removed and postfixed in the perfusate for three hours. For electron microscopy, rats were anesthetized and perfused intracardially with PBS containing 0.5% sodium nitrite (50 ml) followed by 2% paraformaldehyde-3.75% acrolein in PB for 1 min, followed by 2% paraformaldehyde in PB for 30 min. Brains were removed, postfixed in 2% paraformaldehyde for 1 h, and sectioned on a vibratome in the coronal plane at 50 lm.
Light microscopic immunocytochemistry
Single-label localization of NET+ fibers was performed in two rats using a rabbit antibody to NET (1:2000, antibody 43411, obtained from Dr. Randy D. Blakely, Vanderbilt University School of Medicine). All antibodies were diluted in PBS containing 0.4% Triton X-100 and 1% normal goat serum. Sections were incubated in the primary antibody overnight at 4°C and then processed for the avidin-biotin immunoperoxidase technique using a biotinylated goat antirabbit secondary antibody (1:500, Jackson Immunoresearch Laboratories, West Grove, PA) and a Vectastain standard ABC kit (Vector laboratories, Burlingame, CA) with nickel-intensified 3,3 0 -diaminobenzidine 4HCl (DAB, Sigma Chemical Co., St. Louis, MO, USA) as a chromogen to generate a black reaction product (Hancock, 1986) . After the reactions, sections were mounted on gelatinized slides, dried overnight, dehydrated in ethanol, cleared in xylene, and coverslipped in Permount (Fisher Scientific, Pittsburgh, PA, USA). Sections were analyzed with a Nikon E600 microscopy system and digital light micrographs were taken with a Micropublisher digital camera.
Confocal microscopic fluorescence immunocytochemistry
Dual localization studies were performed in two rats using the rabbit NET antibody (1:1000; see above) and a mouse monoclonal antibody to dopamine-beta-hydroxylase (DBH; 1:600; catalog #MAB308, EMD Millipore, Billerica, MA), the synthetic enzyme for norepinephrine, to determine the overlapping extent of NET immunoreactivity and DBH immunoreactivity in the BLa. Sections were incubated in PBS containing 0.4% Triton X-100 and 1% normal goat serum at room temperature for two hours, and then incubated overnight at room temperature in a cocktail of the rabbit NET antibody and the mouse monoclonal DBH antibody. After incubation in the primary antibody cocktail, sections were rinsed in PBS and incubated in a cocktail of goat anti-rabbit Alexa-488 and goat anti-mouse Alexa-546 labeled secondary antibodies (1:400; Invitrogen, Grand Island, NY, USA) for 3 h at room temperature. All secondary antibodies were highly crossadsorbed by the manufacturer to ensure specificity for primary antibodies raised in particular species. Sections were then rinsed in PBS and mounted on glass slides using Vectashield mounting medium (Vector Laboratories; Burlingame, CA).
Sections were examined with a Zeiss LSM 510 Meta confocal microscope. Fluorescence of Alexa 488 (green) and Alexa 546 (red) dyes was analyzed using filter configurations for sequential excitation via 488 and 543 nm channels. Control sections were processed with one of the antibodies omitted from the primary antibody cocktail; in all cases only the labeling with the secondary fluorescent antibodies corresponding to the non-omitted primary antibody was observed, and only on the appropriate channel. These results indicated that the secondary antibodies were specific for rabbit or mouse immunoglobulins, and that there was no ''crosstalk'' between channels (Wouterlood et al., 1998) . Digital images were adjusted for brightness and contrast using Photoshop 6.0 software.
Electron microscopic dual-labeling immunocytochemistry
For electron microscopic studies, a sequential dual-labeling immunoperoxidase method was used in three rats to observe the norepinephrine innervation of pyramidal cells in the anterior subdivision of the basolateral amygdalar nucleus (BLa) (bregma level À2.1 through À3.0) (Paxinos and Watson, 1986) . To enhance penetration of the antibodies, sections were either subjected to a freeze-thaw procedure or were incubated with low levels of Triton-X-100 (0.02-0.04%) in the antibody dilutions. For freeze-thaw, sections were cryoprotected in 30% sucrose in PB for 3 h, followed by three cycles of freezingthawing over liquid nitrogen to facilitate antibody penetration. Sections were then rinsed in PB and incubated in a blocking solution (PBS containing 3% normal goat serum and 1% BSA) for 30 min at room temperature. All antibodies were diluted in the blocking solution.
Sections were incubated in the rabbit antibody to NET (1:2000) for 72 h at 4°C and then processed using a biotinylated goat anti-rabbit second antibody for one hour (1:400; Jackson Immunoresearch Laboratories, West Grove, PA) and a Vectastain standard ABC kit (Vector Laboratories, Burlingame, CA) with DAB as the chromogen. After rinsing, sections were incubated in an avidin/biotin blocking solution (Vector Laboratories, Burlingame, CA). Sections were then incubated overnight at 4°C in mouse anti-CaMK antibody (1:500-600; Sigma) to label pyramidal cells. For CaMK immunoreactivity, sections were processed using a biotinylated goat anti-mouse secondary antibody (1:200-300, Jackson Immunoresearch Laboratories, West Grove, PA) and an Elite ABC kit (Vector Laboratories). CaMK immunoreactivity was then visualized using a Vector-VIP (Very Intense Purple) peroxidase substrate kit (V-VIP, Vector laboratories). The V-VIP chromogen produces a reaction product that appears purple in the light microscope and granular in the electron microscope, and was easily distinguished from the diffuse DAB immunoperoxidase reaction product at the ultrastructural level.
After the immunocytochemical reactions, sections were postfixed in 2% osmium tetroxide in 0.16 M sodium cacodylate buffer (pH 7.4) for 1 h, dehydrated in graded ethanols and acetone, and then flat embedded in Polybed 812 (Polysciences, Warrington, PA) in slide molds between sheets of Aclar (Ted Pella, Redding, CA). Selected areas of the BLa were remounted onto resin blanks. Thin sections cut at 65-nm thickness were collected on formvar-coated slot grids, stained with uranyl acetate and lead citrate, and examined with a JEOL-200CX electron microscope. Micrographs were taken with an AMT XR40 digital camera system (Advanced Microscopy Techniques, Danvers, MA).
Analysis
Quantitative analyses were performed in the two brains judged to have the best ultrastructural preservation and immunohistochemistry for NET and CaMK. Two 50-lm vibratome sections from each animal were analyzed. Areas in the thin sections with robust presence of both labels were chosen for quantitative analysis. NET+ axon terminals were identified on the basis of exhibiting clusters of synaptic vesicles. In most cases these terminals were enlargements of the axon (i.e., varicosities), but in other cases they were thinner and appeared to correspond to intervaricose portions of the axon. NET+ terminals were followed and fully or partially reconstructed in 3-13 serial thin sections. Synapses were identified using standard criteria: (1) parallel presynaptic and postsynaptic membranes exhibiting membrane thickenings, (2) a synaptic cleft containing dense material, and (3) clustered synaptic vesicles associated with the presynaptic membrane (Peters et al., 1991) . Asymmetrical and symmetrical synapses were identified based on the presence or absence, respectively, of a postsynaptic density and on the relative widths of their synaptic clefts. Whereas synaptic clefts of asymmetrical synapses are typically 20 nm wide, symmetrical synapses have a much narrower synaptic cleft that is only about 12 nm wide (Peters et al., 1991) . Similar to many GABAergic symmetrical synapses in the cerebral cortex (e.g., Fig. 11-9 of Peters et al., 1991) , the postsynaptic densities of many symmetrical synapses formed by NET+ terminals in the BLa were very thin and created the appearance of a thickened postsynaptic membrane, rather than forming a discrete thickening below the postsynaptic membrane. In addition, the postsynaptic densities of NET+ terminals forming asymmetrical synapses were not as prominent as those associated with glutamatergic synapses of the cerebral cortex (see Fig. 5-7 of Peters et al., 1991) .
Postsynaptic neuronal profiles receiving synapses from NET+ varicosities were identified as somata, large-caliber dendritic shafts (>1 lm), small-caliber dendritic shafts (<1 lm), and spines according to established morphological criteria (Peters et al., 1991) . Although CaMK is a reliable marker for pyramidal cells and their processes in the BLa, many spines of pyramidal cells do not exhibit CaMK immunoreactivity (McDonald et al., 2002) . However, since the results of previous studies suggest that the great majority of spines observed in electron microscopic studies belong to pyramidal cells (Muller et al., 2006) , all spines, whether CAMK+ or not, were considered to be of pyramidal cell origin. Because some nonpyramidal cells exhibit a few spines (McDonald, 1982) , it is likely that a small number of the CaMKnegative spines observed in this study actually belong to nonpyramidal cells.
Antibody specificity
The rabbit polyclonal NET antiserum (antibody #43411 of Schroeter et al., 2000) was raised against amino acids 585-607 of the intracellular carboxy terminus of mouse NET conjugated to keyhole limpet hemocyanin. The specificity of this antibody has been well documented in a previous study (Schroeter et al., 2000) which demonstrated that: (1) in immunoblots of brain it recognizes a single 80-kDa band corresponding to the mature N-glycosylated NET protein, (2) preadsorption with the peptide eliminated staining of tissue sections and immunoblots, and (3) NET antibody labeling was confined to NE neuronal somata (e.g., locus coeruleus), but absent from brainstem epinephrinergic and dopaminergic neurons, (4) destruction of NE neurons by NE-selective toxins eliminated NET staining. Both light and electron microscopic studies have shown colocalization of dopamine beta hydroxylase, a marker for NE neurons, and NET immunoreactivity using this NET antibody (Schroeter et al., 2000; Miner et al., 2003) .
The mouse monoclonal antibody to the a-subunit of CaMK (Sigma; cat. #C265; clone 6G9) was raised against purified type II CaMK. The specificity of this antibody, which recognizes both phosphorylated and nonphosphorylated forms of the kinase, has been well documented in previous studies (Erondu and Kennedy, 1985) . On Western blots it produces a single line at 50 kDa. The CaMK antibody is a reliable marker for pyramidal cell perikarya and dendrites in the BLC (McDonald et al., 2002) .
The mouse monoclonal antibody to DBH (EMD Millipore; cat. # MAB308; clone 4F10.2) was raised against purified bovine DBH. This antibody labels noradrenergic somata in the locus coeruleus and other noradrenergic brainstem nuclei, and staining was blocked by preincubating the antibody in wells containing sections of adrenal medulla (Howorth et al., 2009 ). The staining pattern in the amygdala appeared to be identical to that of other DBH antibodies in previous studies (Fallon and Ciofi, 1992; Asan, 1998) , and showed colocalization with NET in virtually all axons in our study (see below).
RESULTS

Light microscopic observations
The distribution of NET+ axons in the amygdala closely matched that obtained with antibodies to DBH in previous studies (Fallon and Ciofi, 1992; Asan, 1998) . Thus, in the basolateral nuclear complex the NET+ fiber density was moderate to dense in the basolateral nucleus, but less dense in the lateral nucleus (Fig. 1A) . Fiber density was moderate in the basomedial and cortical nuclei. The density of fibers in the anterior portions of the medial nucleus matched that of the adjacent cortical and basomedial nuclei, but fewer fibers were seen in caudal portions of the medial nucleus. Few NET+ fibers were seen in the lateral and capsular portions of the central nucleus (Fig. 1A) , but the medial subdivision exhibited a moderate density of fibers. Most NET+ axons had varicosities that were 0.4-1.0 lm in diameter (Fig. 1B) . Dual localization experiments of NET and DBH revealed that almost all axons were duallabeled (Fig. 2) . However, there were a few varicosities that were DBH-positive and NET-negative, and some intervaricose segments were NET-positive and DBHnegative.
Most varicosities exhibited robust immunoreactivity for both NET and DBH (Fig. 2B, C) .
Electron microscopic observations
At the electron microscopic level, NET+ profiles consisted of thin unmyelinated axons and terminals containing synaptic vesicles (Figs. 3-6 and 8-10 ). The peroxidase reaction product was distributed throughout these NET+ profiles, with accumulations near the plasma membrane and the outer membrane of vesicles and mitochondria. NET+ terminals were round or ovoid and ranged in size from 0.16 to 1.3 lm in diameter.
They contained closely packed clear synaptic vesicles Occasional dense-core vesicles were also seen (Figs. 3B and 6 ). The morphology of NET+ profiles was consistent with descriptions of DBH+ profiles reported in previous studies of the basolateral amygdala. (Asan, 1998; Li et al., 2001 Li et al., , 2002 Farb et al., 2010) .
NET+ terminals formed synapses with both CAMK+ and unlabeled profiles in our dual-labeling preparations, and their postsynaptic targets include somata, large and small caliber dendrites, and spines (Figs. 3-7 , Table 1 ). No direct contact with endothelial cells surrounding blood vessels was observed, but in one case an NET+ terminal formed an apposition with an astrocytic process surrounding a capillary. The synaptic incidence of NET+ terminals was determined by examining each terminal in 3 to 13 serial thin sections. The average number of serial sections used to reconstruct terminals forming synapses (6.6 ± 2.4, mean ± standard deviation [SD]) was virtually identical to that used to reconstruct non-synaptic terminals (6.5 ± 2.3, mean ± SD). Terminals that lacked distinct contours or occurred in too few available sections to identify synapse formation were excluded from the analysis. About half (45/98 or 46%) of NET+ terminals formed Fig. 7) . The main postsynaptic targets were large CAMK+ dendritic shafts (8/38 or 21%; Fig. 3C, D) , small CAMK+ dendritic shafts (15/38 or 39%; Figs. 3A, B and 5C) and spines (14/38 or 37%; Figs. 4 and 5D ). Synapses formed with unlabeled neuronal processes, presumptive interneurons, mainly targeted small dendritic shafts (Fig. 6) . In two instances, NET+ axons encapsulated unlabeled axon terminals and their postsynaptic spines (Figs. 8 and 9 ), forming synapses with the spines.
Some NET+ terminals (7/98 or 7.1%) formed appositions with astrocytic processes that sometimes had characteristics of synaptic junctions (Fig. 10) .
Astrocytic processes were identified based on their irregular contours and paucity of organelles (Peters et al., 1991) .
DISCUSSION
This is the first investigation to use NET as a marker for NE axons in the amygdala. The distribution of NET immunoreactivity (NET-ir) closely matched that of tritiated nisoxetine autoradiographic labeling of NET in the amygdala (Hipo´lide et al., 2005; Smith and Porrino, 2008) . Light microscopy demonstrated that NET+ axons in the BLa almost always exhibited co-localization of DBH. Both NET-ir and DBH-ir were concentrated in axonal varicosities and intervaricose segments of axons. At the ultrastructural level both NET+ axonal varicosities and intervaricose segments formed synapses. This is the first NE study of the BLa to use CaMK immunohistochemistry to identify pyramidal cells, and serial section reconstruction analysis to estimate synaptic incidence. About half of all NET+ axon terminals formed synapses, and the main postsynaptic targets were dendritic shafts and spines of pyramidal cells.
ANATOMICAL CONSIDERATIONS
Given the extensive colocalization of NET-ir and DBH-ir seen in our dual labeling studies, it was not surprising that the morphology of the NET+ axons and terminals appeared to be identical to that of DBH+ axons and terminals seen in previous studies of the BLC (Asan, 1998; Li et al., 2001 Li et al., , 2002 Farb et al., 2010) . As in our study using NET as a marker for noradrenergic axons, both varicosities and intervaricose segments of DBH+ axons formed synapses (Asan, 1998; Li et al., 2001 ). In the initial study of the noradrenergic innervation of the BLC, in which the analysis was confined to the basolateral (BL) and basomedial nuclei (BM), it was reported that 11% of DBH+ terminals formed synapses when observed in single thin sections (Asan, 1998) . However, a later study found that 31% of DBH terminals in the lateral nucleus formed synaptic junctions when observed in single thin sections (Farb et al., 2010) . It is not clear if the higher synaptic incidence in the latter study was related to better ultrastructural preservation, perhaps due to the use of acrolein in the fixative (Sesack et al., 2006) , or whether this represents a variation of synaptic incidence in the different nuclei studied. The higher synaptic incidence in our study of the BLa (46%) is most likely related to the use of serial section reconstructions of NET+ axon terminals.
However, only some of the NET+ terminals were completely reconstructed. Because the average number of serial sections used to reconstruct NET+ terminals was 6.5, and the section thickness was 65 nm, the average reconstructed distance was 0.42 lm. Since the average size of NET+ axon terminals was 0.52 lm, some synapses were undoubtedly missed. Moreover, since an unfavorable orientation may hinder the identification of synapses, especially the small symmetrical synapses formed by most NET+ terminals, it seems likely that an even higher percentage of noradrenergic terminals in the BLa may actually form synapses. Nevertheless, using similar techniques, previous studies in our lab using serial section reconstructions have shown that other neuromodulators in the BLa have a much higher synaptic incidence (serotonin: 76%; dopamine: 77%; acetylcholine: 76%) (Muller et al., 2007 (Muller et al., , 2009 (Muller et al., , 2012 . This suggests that the NE system in the BLa is unique in its greater reliance on non-synaptic release of transmitter into the extracellular space to modulate neuronal activity (termed ''volume transmission'' by Agnati et al., 1986 Agnati et al., , 1995 .
In all studies of the NE innervation of the BLC, including the present study, very few NE terminals formed synaptic contacts with cell bodies. In the present investigation, 65% of the postsynaptic targets of NET+ axon terminals were dendritic shafts (either CaMKpositive or negative) and 31% were spines. These percentages are similar to the findings of Asan (1998) in the basolateral/basomedial nuclei (dendritic shafts: 80%; spines: 20%) and Farb and co-workers (2010) in the lateral nucleus (dendritic shafts: 70%; spines: 30%), in single-label DBH studies. In these studies the great majority of spines undoubtedly belonged to pyramidal cells (see Experimental Procedures), but the cell type of origin of dendritic shafts could not be ascertained because no cell type-specific markers were employed.
The use of CaMK as a selective marker for BLa pyramidal cells (McDonald et al., 2002) in the present study allowed us to determine that 84% of NET+ synapses were with pyramidal cells (i.e., CAMK+ structures and spines). This percentage is almost identical to the percentage of neurons in the BLa that are pyramidal cells (85%; McDonald, 1992b) . Among pyramidal cell structures, the main postsynaptic targets were largecaliber (i.e., proximal) dendritic shafts (21%), smallcaliber distal dendritic shafts (39%), and spines (37%). Thus, most NET+ inputs target the distal dendritic domain (distal dendrites and spines) of pyramidal cells.
CaMK-negative structures (mainly small-caliber dendrites) were postsynaptic targets of 16% of NET+ terminals in the BLa. These structures are presumptive nonpyramidal interneurons, although it is possible that some may be pyramidal cell dendrites that did not exhibit CaMK-ir in the thin sections examined (i.e., ''false-negatives''). This percentage is almost identical to the percentage of neurons in the BLa that are interneurons (15%; McDonald, 1992b) . These findings are not consistent with previous reports that cholinergic interneurons and GABAergic interneurons constitute 30% and 4%, respectively, of the targets of DBH+ terminals in the basolateral nucleus (Li et al., 2001 (Li et al., , 2002 . The reason for this discrepancy is not obvious, but the very high percentage of contacts with dendrites of cholinergic interneurons, which are few in number in the BLC (Carlsen and Heimer, 1986; Nitecka and Frotscher, 1989) , suggests the possibility of some falsepositive labeling of dendrites.
Both symmetrical and asymmetrical synapses were found in our preparations, but the great majority (84%) of NET+ terminals formed symmetrical synapses with both labeled and unlabeled structures in the BLa. These results are similar to the findings in the lateral nucleus (70% symmetrical; Farb et al., 2010) and BL/BM (70% symmetrical; Asan, 1998) in previous studies. Although symmetrical synapses are typically inhibitory, whereas asymmetrical synapses are excitatory (Shepherd, 2004) , this general rule does not appear to hold for all neurotransmitters, especially monoamines and acetylcholine. For example, although acetylcholine has mainly excitatory effects in the BLa, virtually all cholinergic synapses in the BLa are symmetrical (Carlsen and Heimer, 1986; Nitecka and Frotscher, 1989; Muller et al., 2011) . It is tempting to speculate that the differences in symmetry of synapses are related to the types of postsynaptic noradrenergic receptor. Thus, anatomical and physiological studies indicate that several different subtypes of alpha adrenergic receptors Rosin et al., 1996; Day et al., 1997; Ferry et al., 1997; Buffalari and Grace, 2007) and beta adrenergic receptors (Ferry et al., 1997; Buffalari and Grace, 2007; Abraham et al., 2008; Farb et al., 2010) are expressed by BLa neurons.
Two of the NET+ axon terminals in the present study (2/98, 2% of all NET+ terminals) gave off sheet-like extensions that engulfed unlabeled axon terminals and their postsynaptic spines (Figs. 8 and 9 ). In both cases the NET+ terminal appeared to form a symmetrical synapse with the spine. These unique engulfing NE terminals have not been described in previous studies of the amygdala, but one was seen in the frontal cortex (see Fig. 11 of Seguela et al., 1990) . Although it is difficult to speculate on the full functional significance of these structures, such a configuration would seemingly permit the engulfed synapse to be selectively modulated by NE, and would wall off modulation by any other transmitters that are in the extracellular space surrounding the synapse.
Another interesting aspect of NET+ terminals in the BLa is the formation of appositions with astrocytic processes. These NET+ terminals had synaptic vesicles adjacent to the contact, and the contacting plasma membranes were parallel and often contained dense material in the cleft separating them. These contacts have not been described in previous studies of the amygdala, but have been seen in the visual cortex, where the contacted astrocytic processes were immunoreactive for beta adrenergic receptors (Aoki, 1992) . It is of interest in this regard that astrocytes in the lateral amygdalar nucleus of the BLC also exhibit immunoreactivity for beta adrenergic receptors (Farb et al., 2010) . There is substantial evidence that NE induces glycogenolysis in astrocytes via alpha and beta adrenergic receptors, and that this process is important for mnemonic function (Berridge and Waterhouse, 2003; Gibbs et al., 2008) .
FUNCTIONAL IMPLICATIONS
The anatomical results of the present study suggest that NE released into the BLa may have different spheres of influence and temporal dynamics depending on whether it is released from non-synaptic or synaptic axon terminals. The finding that only about half of NET+ terminals form synapses in the BLa suggests that NE axons may function partly by non-junctional, diffuse release of NE into the extracellular space. This intercellular communication mode, called volume transmission (VT), was first introduced by Agnati and Fuxe (Agnati et al., 1986) . Unlike traditional junctional or wired transmission (WT), VT lacks any wire-like channel connecting signal source and targets. VT may utilize the same set of neurotransmitters and receptors as WT, but VT signals can be released from axons without synaptic membrane specialization, and they could diffuse in the extracellular space for a long distance (Agnati et al., 2010) . VT is principally responsible for the tonic control of brain functions through extrasynaptic receptors, and most CNS drugs, including NET inhibiting antide-pressants, primarily affect neuronal function via VT instead of WT (Vizi et al., 2010) .
Although a small number of DBH+ terminals were seen making ''possible'' synaptic contacts with non-DBH terminals in the lateral nucleus (Farb et al., 2010) , it would appear that the main way that NE can modulate transmitter release from axon terminals in the BLa is via VT, after release from non-synaptic terminals or after spillover from synaptic terminals. This explains the ability of NE agonists to potentiate EPSPs in BLa pyramidal cells via ß adrenergic receptor enhancement of calcium influx in presynaptic axon terminals of cortical afferents (Huang et al., 1996) . There is also evidence that NE release enhances GABA release in the BLa via activation of presynaptic a-1 receptors (Braga et al., 2004) .
Stimulation of the LC in vivo produces short latency responses in BLa neurons that are most likely due to NE release from terminals forming synapses. The NE released from these terminals could activate adrenergic receptors at the synapse, or perisynaptic receptors near the synapse via transmitter spillover (Agnati et al., 1995; Vizi et al., 2010) . Responses were observed in putative pyramidal neurons and interneurons identified based on differences in firing rate, and antidromic activation after stimulation of the cortex (Buffalari and Grace, 2007; Chen and Sara, 2007) . Similar responses were observed with iontophoresis of NE directly into the BLa (Buffalari and Grace, 2007) . The great majority of BLa neurons were inhibited via activation of a-2 receptors, including all projection neurons antidromically activated by cortical stimulation (Buffalari and Grace, 2007) . These responses clearly correlate with the predominant innervation of CAMK+ pyramidal projection neurons in the present study.
A smaller number of BLa neurons in these in vivo studies were excited, and most excitatory responses appeared to be due to activation of ß adrenergic Fig. 10 . NET+ terminals (Nt) form appositions with astrocytic glial processes (G). (A) An NET+(Nt) terminal forms a broad apposition with an astrocytic process (G). The apposed membranes are fairly parallel and there appears to be a dense material in the intervening cleft (especially along the lower portion). In contrast, the spaces surrounding other portions of the NET+ terminal are clear. Although somewhat obscured by the DAB reaction product, there are several synaptic vesicles adjacent to the membrane of the NET+ terminal that apposes the astrocyte. (B) An NET+ terminal (Nt) forms a contact with an astrocytic process (G) that has several characteristics of a synapse. Note the parallel membrane thickenings and the dense material in the cleft (including cross bridges). Scale bars = 500 nm. receptors (Buffalari and Grace, 2007; Chen and Sara, 2007) . Chen and Sara (2007) suggested that the excited neurons were interneurons based on their generally higher firing rate. These responses are most likely due to the NE innervation of the CAMK-negative presumptive interneurons seen in the present study, and the innervation of GABA+ interneurons observed by Li et al. (2002) . In in vitro slice studies in genetically modified mice that express green fluorescent protein in GABAergic neurons, Kaneko et al. (2008) reported that a particular subtype of regular-firing GABAergic interneurons in the BLa was excited via a-1 adrenergic receptors. Thus, it appears that NE released from synaptic terminals innervating pyramidal cells or interneurons has a net inhibitory or excitatory effect, respectively, in the BLa. The present study demonstrated that the main targets of NET+ terminals were the distal dendritic shafts and spines of CAMK+ pyramidal cells in the BLa. This distal dendritic domain is also the main target of excitatory inputs to pyramidal cells arising from cortical, thalamic, and intra-amygdalar sources (Muller et al., 2006) , and contains high levels of glutamatergic N-methyl-Daspartate receptors (NMDARs; Farb et al., 1995; Gracy and Pickel, 1995) . These anatomical findings suggest that NE inputs are in a position to regulate excitatory synaptic plasticity, including long-term potentiation (LTP), by modulating NMDAR currents (Rodrigues et al., 2004; Sigurdsson et al., 2007) . In addition, we found that some NET+ terminals formed synapses with CaMK-negative presumptive interneurons. These inputs may be important for the ability of NE to enable the induction of LTP by decreasing the excitability of interneurons that inhibit neighboring pyramidal cells (Tully et al., 2007) . Several other studies have provided electrophysiological evidence that NE regulates synaptic plasticity in the basolateral amygdala (Gean et al., 1992; Huang et al., 1998 Huang et al., , 2000 DeBock et al., 2003; Huang and Kandel, 2007; Abraham et al., 2008) . It has also been shown that activation of ß adrenergic receptors can enhance excitatory synaptic transmission and plasticity by trafficking small conductance calciumactivated potassium channels (SK channels), which are located along the dendritic shafts and spines of pyramidal cells, away from the surface plasma membrane (Faber et al., 2008) . These mechanisms, as well as others yet to be identified, may contribute to the facilitation of emotional memory consolidation by NE in the BLa (Ferry et al., 1999a,b; McGaugh, 1999, 2008; Qu et al., 2008) .
